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The three-satellite ESA Swarm mission aims at mapping the Earth’s global geomagnetic ﬁeld at unprecedented
spatial and temporal resolution and precision. Swarm also aims at observing thermospheric density and possibly
horizontal winds. Precise orbit determination (POD) and Thermospheric Density and Wind (TDW) chains form
part of the Swarm Constellation and Application Facility (SCARF), which will provide the so-called Level 2
products. The POD and TDW chains generate the orbit, accelerometer calibration, and thermospheric density
and wind Level 2 products. The POD and TDW chains have been tested with data from the CHAMP and
GRACE missions, indicating that a 3D orbit precision of about 10 cm can be reached. In addition, POD
allows to determine daily accelerometer bias and scale factor values with a precision of around 10–15 nm/s2
and 0.01–0.02, respectively, for the ﬂight direction. With these accelerometer calibration parameter values,
derived thermospheric density is consistent at the 9–11% level (standard deviation) with values predicted by
models (taking into account that model values are 20–30% higher). The retrieval of crosswinds forms part of
the processing chain, but will be challenging. The Swarm observations will be used for further developing and
improving density and wind retrieval algorithms.
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1. Introduction
The European Space Agency (ESA) Swarm Earth Ex-
plorer mission aims at the best global survey ever of the
Earth’s magnetic ﬁeld and its variations (ESA, 2004). The
planned lift-off is in Autumn 2013 (status June 2013) by
a Rockot launcher from Plesetsk, Russia, and the nomi-
nally foreseen lifetime is four years. The primary objec-
tive of the mission is to map the Earth’s global magnetic
ﬁeld and its temporal variations with unprecedented accu-
racy and precision. To this aim, the Swarm satellites are
amongst other instruments equipped with scalar and vec-
tor magnetometers (Friis-Christensen et al., 2008). More-
over, each Swarm satellite carries three star trackers allow-
ing a precise attitude reconstruction for all latitudes and lo-
cal times. In addition, the satellites carry high-precision,
dual-frequency Global Positioning System (GPS) receivers
for precise orbit determination and accelerometers for ob-
serving non-gravitational accelerations. Furthermore, laser
retro-reﬂector arrays allow Satellite Laser Ranging (SLR)
by ground stations, which offers the opportunity to vali-
date the orbits computed from the GPS Satellite-to-Satellite
Tracking (SST) observations. As a secondary objective, the
instrument suite on board of the Swarm satellites allows the
derivation of the neutral density of the upper atmosphere,
i.e. the thermospheric density, and, if conditions are favor-
able, also thermospheric winds. This provides supporting
information for studying the dynamics of the upper atmo-
sphere, which results from a complex interaction between
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the charged particles and the neutrals in the ambient mag-
netic ﬁeld.
Using accelerometers for deriving neutral thermospheric
density and wind values was already demonstrated success-
fully many decades ago by Marcos et al. (1977) and Mar-
cos and Forbes (1985). The very precise accelerometers on
board of CHAMP and GRACE (Reigber et al., 1999; Tap-
ley and Reigber, 1999) signiﬁcantly enhanced and extended
this use. The accelerometers have not only made it possi-
ble to observe thermospheric density and winds at improved
precision at unprecedented global spatial and temporal res-
olution, but have also resulted in a better understanding of
their behavior and evolution (Bruinsma et al., 2004, 2006;
Lu¨hr et al., 2004, 2007; Forbes et al., 2005; Liu and Lu¨hr,
2005; Liu et al., 2005, 2006; Doornbos et al., 2009). As
a spin-off, the accelerometer observations provide insight
into modeling satellite drag coefﬁcients as well and sup-
port the enhancement of underlying theories for upper at-
mospheric models (Bowman et al., 2008). It is claimed that
the Swarm accelerometers will have a resolution compara-
ble to the CHAMP STAR accelerometer of better than 3
nm/s2 and a noise level below 10 nm/s2 (Zaglauer, 2009).
The Swarm accelerometers are claimed to have the same
performance for all three axes, opposed to the CHAMP
and GRACE accelerometers, which have two very sensi-
tive axes and one relatively less sensitive axis. The Attitude
and Orbit Control System (AOCS) of the Swarm satellites
will maintain an Earth oriented satellite attitude within a
control band of 5◦ around roll, pitch and yaw, compared to
2◦ for e.g. CHAMP (Helleputte and Visser, 2009). It is an-
ticipated that for Swarm the amount of accelerometer data
affected by the propulsion system will be limited (see e.g.
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also ﬁgures 8-4 and 8-5 in the Technical and Programmatic
Annex of ESA (2004)).
The Swarm constellation will consist of three satellites
in near-polar Low Earth Orbit (LEO), with one pair ﬂy-
ing side-by-side at an initial altitude of about 450 km, and
a single satellite ﬂying at about 530 km altitude. This
constellation provides unique sampling in both (local so-
lar) time and space (ESA, 2004). Therefore, the deriva-
tions of thermospheric density and wind values from the
relevant Swarm observations form part of the activities by
the Swarm Satellite Constellation Application and Research
Facility—SCARF (Olsen et al., 2011). The SCARF will
be responsible for the Swarm Level 2 Processing System
(L2PS) under contract of ESA. The L2PS is responsible for
generating advanced so-called Level 2 data products.
The focus of this paper is on the L2PS part that produces
the thermospheric density and wind products. The asso-
ciated chain is the responsibility of—and is implemented
at—the Faculty of Aerospace Engineering, Delft Univer-
sity of Technology (TU Delft). After brieﬂy introducing the
concept of thermospheric density and wind retrieval (Sec-
tion 2), the design and implementation of the TU Delft pro-
cessing system is outlined (Section 3). This system has been
tested using real data from the CHAMP and GRACE mis-
sions (Section 4). Finally, a summary is provided and con-
clusions are drawn (Section 5).
2. Thermospheric Density and Winds
As a starting point, it has to be recognized that the non-
gravitational acceleration as observed by an accelerometer
on board of a LEO satellite is composed of several contri-
butions. The observed acceleration can be written as:
s(aobs + b) = aaero + asrp + aalb + aIR + arem (1)
where aobs and aaero represent respectively the observed and
aerodynamic acceleration vector. Please note that it is as-
sumed that the accelerometer takes its observations in three
perpendicular directions. The terms asrp, aalb and aIR de-
note the accelerations caused by solar radiation pressure,
Earth’s albedo and Earth’s infrared radiation, respectively.
Finally, arem represents all remaining contributions, which
are assumed to be small or negligible, such as observation
noise, correction errors and other accelerations. It has to
be noted that the original accelerometer observations aobs
typically have to be corrected for scale factors and biases,
represented by respectively the vectors s and b (Visser and
van den IJssel, 2003; Bruinsma et al., 2004; Helleputte and
Visser, 2009). It is assumed that the location of the ac-
celerometer coincides with the center-of-mass of the satel-
lite. Equation (1) shows that the (calibrated) accelerometer
observation needs to be reduced by the accelerations due
to solar radiation pressure, albedo and infrared radiation to
arrive at the actual aerodynamic acceleration. To this aim,
precise models have been implemented (Doornbos et al.,
2010). As for the derivation of thermospheric density and
wind from the aerodynamic acceleration aaero, these models
require detailed information about the satellite attitude and
geometry (see below).
The aerodynamic acceleration is caused by the combined
effect of atmospheric drag and wind. It can be written as:






where Ca represents the force coefﬁcient vector, and m
the mass of the satellite. Aref typically denotes the cross-
sectional area, i.e. the projection of the satellite geometry
perpendicular to vr , which is the velocity relative to the
Earth’s atmosphere, with vr being its norm. The mass den-
sity is represented by ρ. If the aerodynamic force compo-
nents perpendicular to the velocity direction (lift and side-
ways forces) are omitted, the aerodynamic acceleration re-
duces to just a drag acceleration adrag, which is (by deﬁni-
tion) in the direction of the velocity of the atmospheric par-
ticles relative to the spacecraft. Equation (2) then reduces
to:






whereCD is the scalar drag coefﬁcient and vˆr the unit vector
in the direction of the velocity vr . The velocity vr can be
written as:
vr = vo + vc + vw (4)
where vo, vc and vw represent the inertial velocity of the
satellite, the velocity caused by the Earth’s corotating at-
mosphere, and the wind velocity, respectively. The aerody-
namic acceleration thus indeed depends not only on the at-
mospheric density, but also on the prevailing winds. Doorn-
bos et al. (2010) have developed an iterative method for de-
riving the mass density ρ and wind vw.
When considering Eqs. (2) and (3), it becomes clear
that information about the satellite and its orientation is re-
quired. Information about the satellite attitude needs to be
provided as well in combination with a detailed model of
its geometry in order to compute the cross-sectional area
Aref. Since the Swarm satellites are equipped with three star
trackers, this attitude can be observed very precisely. Accu-
rate satellite geometry models consisting of precisely po-
sitioned and shaped panels can be created with specialized
software, such as ANGARA (Fritsche et al., 1998), based
on CAD drawings. The computation of Ca or CD from
the geometry model is rather convoluted (Sentman, 1961;
Cook, 1965; Moe and Moe, 1996; Moe et al., 1998) and is
in fact still a matter of much debate (Moe and Moe, 2006;
Bowman et al., 2008; Doornbos et al., 2010; Doornbos,
2011). Currently, the aerodynamic coefﬁcients are based
on non-hyperthermal free molecular ﬂow calculations on
single-sided ﬂat plates, with a gas-surface interaction based
on diffuse reﬂection, and an initial value for the energy ac-
commodation coefﬁcient of 0.93 (Sentman, 1961; Moe and
Moe, 2005). For Swarm, an attempt to obtain a value for
the energy accommodation coefﬁcient from the acceleration
data will be made during the commissioning phase.
The solar radiation pressure model takes into account the
variations due to changes in the Sun-satellite distance, and a
conical shadow model making use of spherical representa-
tions of the Earth and Moon. The shadow model includes a
simple approximation for absorption and refraction of Sun-
light in the Earth’s lower atmosphere. Earth albedo and in-
frared radiation pressure are based on monthly averaged 2.5
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deg by 2.5 deg grids of ERBE data, made from the ERBS,
NOAA-9 and NOAA-10 satellites over a few years in the
mid-1980s. For the computation of radiation forces, accu-
rate models for the satellite’s geometry and its optical prop-
erties are required as well (Doornbos, 2011).
Table 1 provides an overview of the supporting satellite
information that is required. Most of this information can be
obtained prelaunch by accurately measuring and balancing
all the satellite subsystems. Part of the information is to be
regularly updated, such as changing mass of the satellite
due to fuel consumption. This information is crucial to
fully exploit the information content of the observations
that Swarm will provide. Since Swarm consists of identical
satellites ﬂying at different altitudes and orbital planes with
a slowly evolving local solar time of the ascending node,
unique data will be collected that will enhance methods and
theories for computing or deriving the drag coefﬁcients.
3. Processing Facility
A processing facility has been developed by the sec-
tion Astrodynamics and Space Missions of the Faculty of
Aerospace Engineering at the TU Delft that aims at pro-
ducing the best possible geolocated time series of thermo-
spheric density and wind at the Swarm satellite locations.
This TU Delft processing facility is sub-divided into two
chains, each consisting of separate modules. Each of these
modules can be tuned in accordance with the assumed or
shown quality of the Swarm observations of input data. The
two chains are referred to as Precise Orbit Determination
(POD) and Thermospheric Density and Wind (TDW) re-
trieval (Fig. 1). The chains make use of both observational
data and information coming from the so-called ESA Pay-
load Data Ground Segment (PDGS) and several external
providers, such as the International GNSS Service (IGS),
International Laser Ranging Service (ILRS), International
Earth Rotation Service (IERS), etc. (Pearlman et al., 2002;
McCarthy and Petit, 2004; Dow et al., 2005). Although the
focus of this paper is on the TDW retrieval, the POD chain
involves necessary preparatory steps and interim products.
The POD chain also supports the primary objective of the
Swarm mission by providing the information for precise ge-
olocating of the magnetic ﬁeld observations. Furthermore,
its products will be used for gravity ﬁeld retrieval, which
can be considered a spin-off application of the Swarm mis-
sion, or a possible tertiary objective (Gerlach and Visser,
2006).
As indicated above, the POD chain provides the infor-
mation for precise geolocation of Swarm observations, in-
cluding the measurements provided by the accelerometers.
In addition, the POD chain takes care of the calibration of
the accelerometer observations along the X axis, which pre-
dominantly coincides with the ﬂight direction of the Swarm
orbital motion. The associated bias and scale factor val-
ues (Eq. (1)) are used as starting values in the TDW chain
for a (partly iterative) procedure to obtain calibration pa-
rameters for the Y and Z axis as well, which more or less
coincide with the orbital cross-track and radial direction,
respectively. The TDW chain also takes care of the reduc-
tion or correction of the calibrated observations to derive the
aerodynamic accelerations (Eq. (1)) and the thermospheric
density and wind (Doornbos et al., 2010; Doornbos, 2011).
The POD and TDW chains are outlined in more detail in the
next Sections.
3.1 Precise orbit determination
As mentioned before, POD is required for geolocat-
ing the observations taken by the scientiﬁc instruments on
board of the Swarm satellites. The on-board GPS receivers
will provide tracking observations. These observations have
to be augmented by auxiliary and internal data that are
collected and provided routinely by existing networks of
ground stations and services such as the IGS, ILRS and
IERS. Moreover, the POD chain involves the estimation of
accelerometer calibration parameters and a number of spin-
off products. The overall processing and product ﬂow for
the POD processor is shown in Fig. 2.





(i) The data pre-processing consists of the collection of
all required Swarm observational data, including obser-
vations provided by the GPS receivers, star trackers and
accelerometers. In addition, use is made of data prod-
ucts provided by the IGS, ILRS and IERS. The data pre-
processing involves quality checking of the observations,
such as elimination of spurious observations, reformatting,
etc. Although accelerometer observations are not required
for computing time series of satellite positions and veloci-
ties, for Swarm they will be used in a separate orbit deter-
mination runs for estimating the calibration parameters.
(ii) The orbit setup involves the deﬁnition of the dynamic
models to be used, the parameters to be estimated, deﬁnition
of the arc length, etc. As a preparatory step, necessary data
sets and models will be collected from external providers,
such as JPL planetary ephemeris (e.g. for modeling 3rd body
perturbations) and gravity ﬁeld and tide models.
(iii) After deﬁning the setup, the actual orbit parameter
estimation will be done. For Swarm, a reduced-dynamic
orbit determination approach will be adopted using the
GHOST software for providing high-precision time series
of positions and velocities (Montenbruck et al., 2005). The
GHOST software is developed under auspices of the DLR
German Space Operations Centre together with the TU
Delft. The kinematic orbit solution will also be provided
as an additional product. This kinematic orbit solution can
be considered as a condensed set of the original GPS SST
observations and it will serve as pseudo observations for a
dynamic orbit determination that is done with the purpose
of providing accelerometer calibration parameters (needed
by the TDW chain, Subsection 3.2). In this dynamic orbit
determination, the non-gravitational accelerations are rep-
resented by the accelerometer observations. Typically, use
is made of daily arcs where the estimated parameters are
the begin position and velocity of the satellite, and one bias
and scale factor for each accelerometer axis (Visser and
van den IJssel, 2003). Especially for the ﬂight direction,
very precise estimates can be obtained for accelerometer
bias and scale factor (Helleputte and Visser, 2009). In fact,
only the X -axis calibration parameters are retained for fur-
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Written description and drawing indicating the location of the origin and directions of the principal axes in
which satellite geometry-related information is speciﬁed.
Geometry of the satellite ex-
ternal surfaces
Dimensions, locations and orientations of the satellite outer panels, to be used for non-gravitational force
model calculations. To be provided in the form of dimensioned drawings, and a table containing the area
and normal vector for each major satellite panel.
Materials and optical proper-
ties of the satellite external
surfaces
For each material used on the exterior of the satellite, the fractions of absorbed light, diffusely reﬂected
light and specularly reﬂected light need to be speciﬁed in a table and/or drawing. Characteristic values
for visible and infrared wavelengths are required for solar and earth radiation pressure modeling, resulting
in two times three coefﬁcients per material. For each of these materials, drawings should make clear on
which sections of the spacecraft exterior this surface material is used.
Locations of center of mass,
instruments and antennae ref-
erence points
Table containing the coordinates in the satellite reference frame of the location of the accelerometer
instrument and tracking instrumentation reference points, and of the initial location of the center of mass,
and the possible range of the variation of the center of mass due to fuel consumption.
Thruster activation data Information on the activation of thrusters consisting of identiﬁcation of activated thruster(s) (location and
direction in S/C frame), thrust duration, thrust magnitude.
Fig. 1. TU-Delft processing facility.
ther use (Subsection 3.2). This dynamic orbit determination
is done with the GEODYN parameter estimation software,
kindly provided by the NASA Goddard Space Flight Cen-
ter (Pavlis et al., 2006). A highly reduced-dynamic orbit
determination will be done as well for obtaining time se-
ries of non-gravitational accelerations (van den IJssel and
Visser, 2004a, b). These time series are used for valida-
tion of the accelerometer observations and also serve as
a (partial) backup for the accelerometers in case of fail-
ure/problems. Thus, several orbit estimation runs will be
carried out for each Swarm satellite. It has to be noted that
the estimated time series of non-gravitational accelerations
from the highly reduced-dynamic orbit solutions cover only
the longer wavelengths or low frequencies of, for example,
atmospheric drag perturbations. As such, they cannot re-
place the accelerometer observations for an important part
of the frequency range.
(iv) Finally, a number of quality checks will be carried
out. The correctness of the POD process is assessed by,
for example, checking convergence and stability of the it-
erative estimation process (i.e. formal errors of, and cor-
relations between, estimated parameters), the observation
ﬁt and overlap analysis between consecutive orbit solu-
tions. Depending on the availability of Satellite Laser Rang-
ing (SLR) observations, the reduced-dynamic orbit solution
will be confronted with these observations allowing an ad-
ditional assessment of its accuracy. A quality report will be
provided in PDF format.
The POD implementation builds on heritage from the
High-Level Processing Facility, which was developed for
the ﬁrst ESA explorer mission, namely the Gravity ﬁeld and
steady-state Ocean Circulation Explorer (GOCE) (Visser
et al., 2006). This implementation is operational for GOCE
(Bock et al., 2011), but was also successfully tested with
real data from the MetOp GNSS Receiver for Atmospheric
Sounding (GRAS) instrument (Montenbruck et al., 2008).
The GPS receivers on board of the Swarm satellites rely
signiﬁcantly on GRAS instrument technology.
Precise orbit determination requires a very detailed and
comprehensive modeling and parameter estimation (Mon-
tenbruck and Gill, 2000), but does not require extensive
computer resources. For example, daily GPS-based orbit
computations can be done typically within one hour of CPU
on a 3 GHz Pentium IV PC with 2 Gb memory. The orbit
solutions will be provided in SP3 format (SP3c, 2008). The
accelerometer calibration parameters and the time series of
estimated non-gravitational accelerations will be provided
as NASA CDF ﬁles (GSFC, 2012).
3.2 Thermospheric Density and Winds
The TDW chain collects the accelerometer measure-
ments and auxiliary data (such as solar and geomagnetic
activity), and the relevant information from the POD chain,
such as accelerometer calibration parameters and the orbit
solutions (Figs. 1 and 3). It makes use of density and wind
models, such as NRLMSIS-00 and HWM07 as well (Hedin
et al., 1988, 1996; Picone et al., 2002; Drob et al., 2008).
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Fig. 2. TU-Delft POD chain.
The TDW chain produces calibrated and corrected time se-
ries of aerodynamic accelerations and neutral density and
wind values.
Algorithms for density and wind retrieval have been de-
ﬁned, developed and implemented in the framework of the
ESA study Air density models derived from multi-satellite
drag observations (Doornbos et al., 2009). The density
and wind data from the three satellites are processed inde-
pendently, but inter-comparisons, especially for the satellite
lower pair, will be used for quality assessment.
The following processing steps are identiﬁed:
(a) Accelerometer pre-processing: Application of POD-
based calibration parameters to the accelerometer data,
resulting in calibrated accelerations; Removal of time
instances from the accelerometer data where maneuver
thrusts have occurred, or where the accelerometer data
are not able to represent the external non-gravitational
forces on the satellite for other reasons;
(b) Radiation pressure removal: Modeling of solar radi-
ation pressure, Earth albedo radiation pressure and
Earth infrared radiation pressure, and subsequent re-
moval of these accelerations from the accelerometer
data, to arrive at accelerations due to aerodynamics
only;
(c) Derivation of thermospheric density and winds from
the aerodynamic accelerations; In this derivation, the
Y and Z components of the accelerometer obser-
vations are calibrated using model-predicted values,
where the model was calibrated for the X direction us-
ing the POD-based calibration parameters (Doornbos
et al., 2010);
(d) Quality assessment of density and winds: Compar-
isons with equivalent values obtained from empirical
models (for instance NRLMSISE-00 and HWM07)
and with past time series.
(e) Consolidation in the ﬁnal Level 2 product output.
Accelerometer calibration parameters are estimated for
all axes by means of POD (step a). However, for the deriva-
tion of thermospheric density and winds (step c) only the
POD-based calibration parameters for the X axis are always
used and kept ﬁxed. The POD-based values for the Y and
Z axes are ignored. The calibrated X -axis accelerometer
observations are used to determine the density. Having the
density allows for the computation of the modeled accel-
eration in the Y and Z directions (also along the X axis,
but that would simply result in the original calibrated ac-
celerometer observation). The modeled accelerations are
simply the sum of the radiation pressure and aerodynamic
force model output. The Y and Z axis accelerometer obser-
vations are then calibrated by estimating daily bias values
which minimize the difference between observed and mod-
eled observations (Doornbos et al., 2010).
The feasibility of the procedure for deriving thermo-
spheric density and winds from accelerometer observations
was assessed by a detailed simulation study reported in
chapter 12 of Doornbos et al. (2009). This study revealed
that variations in the Y -axis bias (predominantly in the
cross-track direction) pose a major limitation in the ob-
serving system. Reducing or eliminating the bias error re-
quires a stable and accurate acceleration reference. For-
tunately, changes in bias mostly seem to occur relatively
slowly on earlier accelerometers (CHAMP and GRACE),
so that daily bias estimates can be sufﬁcient. However, bias
estimation in a POD process using GPS tracking over daily
arcs does not seem to result in the desired accuracy (less
than a few nm/s2) for the Y -axis accelerations for CHAMP
and GRACE. The rules of orbital dynamics dictate that the
cross-track bias is much less well determined that the along-
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Fig. 3. TU-Delft TDW chain.
track bias (see also Subsection 4). Therefore, the Y -axis
bias is instead determined by the procedure outlined in the
previous paragraph.
It is important to note that model densities (e.g. as could
be predicted using the NRLMSISE-00 model) are not used
anywhere in the processing. Because the aerodynamic force
depends on the atmospheric temperature and composition,
and there are no independent measurements of these quanti-
ties made by Swarm, the model temperatures and composi-
tion are used instead (in this case coming from NRLMSIS-
00). These have only a few percent at most effect on the
aerodynamic force coefﬁcients, and therefore on the result-
ing density measurements.
Because only one Y -axis accelerometer bias parameter
is estimated per day, the wind model (i.e. HWM07) can
not have any effect on variations observed within the day,
or even within a single orbit revolution. The use of the
model in the acceleration bias removal carries however the
risk of affecting the mean wind per day. If the model were
omitted, this would result in a zero mean wind, which is less
desirable than a mean wind equivalent to the mean wind of
the model. The usability of the accelerometer derived wind
values to improve models such as HWM07 are of course
limited by this. This does not mean however that the wind
observations are useless. For Swarm, the wind retrieval
might be enhanced by using for example only low latitude
data. The resulting wind observations might then be more
useful to study the high latitude wind variations. This is
currently under investigation.
The wind error is determined by the magnitude of the
acceleration bias and radiation pressure model errors with
respect to the aerodynamic acceleration signal. Thus, at
lower altitudes and at high solar activity, bias errors will
become less of a problem. It is important to note that at
the start of the Swarm mission, the satellites will be at
relatively high altitudes, comparable to the GRACE altitude
and higher. Therefore, accurate crosswind data will almost
certainly not be obtainable early on in the Swarm mission.
Also, the true performance of the Swarm accelerometers,
especially in terms of bias stability, will have to be evaluated
in orbit during the commissioning phase, before any further
statements can be made about the Swarm crosswind data
accuracy, and its dependency on the wind model.
The primary purpose of comparing the density and wind
speeds derived from the accelerometer observations with
those predicted with the HWM07 and NRLMSISE-00 mod-
els (step d) is to assess the consistency of the input data
from the satellite (accelerations, attitude, mass) with the
force models and assumptions used in the density and wind
derivation algorithm. The HWM07 and NRLMSISE-00
models which are used have only a limited effect on the out-
put of the algorithm. To a large extent, different model out-
puts are used in the algorithm (namely temperature, compo-
sition, in-track wind) than in the comparisons (namely den-
sity, crosswind). Therefore, it is fair to assume that the use
of these models in the comparisons will allow to correctly
identify possible problems in the data. The only exception
is the use of HWM07 crosswinds in both the accelerom-
eter Y -axis calibration and quality assessment, which has
already been addressed above.
In addition, further quality assessments are done by com-
paring observations of the lower ﬂying Swarm satellites
with each other. Finally, the calibrated accelerometer obser-
vations can be compared with the time series of estimated
non-gravitational accelerations from the POD chain.
A real independent validation might be possible by using
independent contemporaneous ground-based thermospheric
wind data. This is currently under investigation, but is not
done in the framework of the Swarm L2PS.
Typically, computing and data storage requirements are
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Fig. 4. Processing and product time line for the TU-Delft facility.
compatible with standard PCs with 2 GB memory and 500
GB of hard disk storage. The time series of corrected aero-
dynamic accelerations and the time series of mass density
and wind values will be provided as NASA CDF ﬁles.
3.3 Product time line
The TU Delft facility provides a set of eight products (the
used format for these products is indicated in parenthesis):
1. Reduced-dynamic orbit solution (SP3);
2. Kinematic orbit solution (SP3);
3. Orbit validation report (PDF);
4. Estimated non-gravitational accelerations (NASA CDF);
5. Accelerometer calibration parameters (NASA CDF);
6. Corrected accelerometer observations (NASA CDF);
7. Mass density and wind values (NASA CDF);
8. Thermospheric density and wind validation report (PDF).
These products are produced on a daily basis and nomi-
nally cover a period from midnight to midnight. It is fore-
seen that these products will have a latency of three weeks
(Fig. 4), allowing the use of precise supporting products
such as those provided by the IGS. The data production
can be automated to a large extent and it is possible to re-
duce this latency signiﬁcantly down to less than a few days
if e.g. use is made of rapid IGS products. This will reduce
however the accuracy and reliability of the products, but
might support applications such as the monitoring of space
weather.
4. Mass Density and Wind Retrieval Tests with
CHAMP and GRACE Data
The retrieval of mass density and wind by the TU Delft
processing facility for Swarm has been tested by using real
observations from the CHAMP and GRACE missions. The
constellation of CHAMP and GRACE satellites resembles
the Swarm constellation in that it consists of one pair of
satellites ﬂying in formation and one at a different altitude.
In the Swarm case, the satellites ﬂying in formation are
however at the lower altitude. Daily products were gener-
ated for two representative days: 7 and 8 November 2003.
The quality assessment of the GPS-based orbits produced
by the POD chain indicates that the reduced-dynamic or-
bit solutions have a 3-dimensional precision of the order of
10 cm or better: the ﬁt of independent SLR observations
is in general of the order of a few cm and the consistency
with the kinematic orbit solution is also at the 10 cm level
3-dimensionally (Table 2). The reduced-dynamic orbit so-
lutions are more than sufﬁciently accurate for geolocating
the accelerometer, density and wind products and as input
for computations with density and wind models.
The thermospheric density and wind retrieval procedure
requires the availability of precise values for the accelerom-
eter bias and scale factor for the X direction from the POD.
As outlined in detail in Doornbos et al. (2010) and Doorn-
bos (2011) and in Subsection 3.2, the calibration parame-
ters for the X axis are required to start an iterative proce-
dure for obtaining the calibration parameters for the Y and
Z axes together with mass density and wind values. The
estimated scale factors from the POD match very well with
those recommended or advertised for the X axis, to within
0.01 for GRACE (Bettadpur, 2004) and 0.02 for CHAMP
(provided in the CHAMP accelerometer data product). For
the bias values, the agreement is within 10–15 nm/s2 (Ta-
ble 3). Please note that these advertised values are obtained
by orbital analysis as well. The differences between the es-
timated and advertised values thus reﬂect the consistency
level. It is possible that both types of values suffer from
common errors. The values presented here are based on
daily estimates, i.e. using only one day of observational
data. After accumulating more data, the precision of the
scale factor and bias estimates will improve and use can be
made of the stacked matrices approach, where normal equa-
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Table 2. POD quality assessment: orbit differences between kinematic and reduced-dynamic orbit solutions and ﬁt of SLR observations for the
reduced-dynamic orbit solution.
Satellite Date RMS of orbit differences (cm) SLR residuals
Reduced-dynamic vs. kinematic Number RMS (cm)
Radial Along-track Cross-track
GRACE-A 7 Nov. 5.85 2.90 6.62 33 2.0
8 Nov. 7.65 5.71 7.75 21 6.6
GRACE-B 7 Nov. 6.82 3.90 10.18 52 1.3
8 Nov. 7.73 4.15 10.42 40 2.8
CHAMP 7 Nov. 5.27 4.53 5.32 142 2.6
8 Nov. 6.60 4.82 5.77 114 2.0
Table 3. Accelerometer calibration parameters: estimated by POD vs. advertised.
Satellite Date Bias (nm/s2) Scale factor
Advertised Estimated Advertised Estimated
X axis
GRACE-A 7 Nov. −1130 −1127 0.960 0.962
8 Nov. −1130 −1122 0.960 0.958
GRACE-B 7 Nov. −553 −557 0.960 0.944
8 Nov. −553 −561 0.960 0.951
CHAMP 7 Nov. −2961 −2964 0.834 0.850
8 Nov. −2961 −2947 0.834 0.844
Y axis
GRACE-A 7 Nov. 28227 27940 0.980 0.979
8 Nov. 28225 27964 0.980 0.980
GRACE-B 7 Nov. 8689 9175 0.970 0.972
8 Nov. 8690 9173 0.970 0.971
CHAMP 7 Nov. 376 265 0.800 0.803
8 Nov. 376 242 0.800 0.801
Z axis1
GRACE-A 7 Nov. −500 −372 0.940 0.940
8 Nov. −500 −365 0.940 0.940
GRACE-B 7 Nov. −775 −630 0.920 0.920
8 Nov. −775 −665 0.920 0.920
CHAMP2 N/A N/A N/A N/A N/A
1 Scale factor ﬁxed to 1 for Z axis
2 Electrode failure for Z axis
tions for the parameters estimated in the POD are combined
to estimate, for example, one set of scale factors (which are
in general stable for accelerometers) for a long time span
but still daily updates of bias values (Helleputte and Visser,
2009).
The mean of the non-gravitational acceleration along the
X axis is about −200 nm/s2 for GRACE and −600 nm/s2
for CHAMP (Fig. 5). Thus, the above mentioned discrep-
ancy between the estimated and advertised accelerometer
bias values would then lead to an error level of about 5%
and 2.5% for GRACE and CHAMP, respectively, in terms
of the mean non-gravitational acceleration and the derived
air drag values (Eq. (2)). This is much below the uncertainty
level of existing drag models (Doornbos, 2011).
For the Y axis, the consistency between estimated and ad-
vertised scale factor values is better than 0.01, but the bias
values have a discrepancy at the level of 100–500 nm/s2 (Ta-
ble 3). This is also reﬂected by Fig. 5 (middle): the mean
between modeled and estimated accelerations is about 75
nm/s2 for GRACE-A on 7 November 2003. The discrep-
ancy for the associated bias value is 9175–8689 = 486
nm/s2. The advertised values thus appear to have a large
uncertainty for the Y axis as well (cf. Helleputte and Visser,
2009). This uncertainty can be explained to a large ex-
tent by the POD estimation process. High correlations exist
between the initial position and the accelerometer bias in
the cross-track direction (predominantly aligned with the Y
axis). This is reﬂected by the formal error that can be ob-
tained from the POD estimation process: for GRACE the
formal error for the Y axis accelerometer bias estimate is
about two orders of magnitude larger than for the X axis.
However, as indicated before, for the density and wind re-
trieval, only the precise estimate for the X axis is used from
the POD (Doornbos, 2011). Despite of this, it is planned to
tune and tailor the different POD processes for Swarm tak-
ing into account the actual performance of the several in-
struments considered as soon as a sufﬁciently large data set
has been accumulated. Moreover, it is foreseen that Swarm
will conduct a couple of maneuvers during which the X , Y
and Z axes of the accelerometers might deviate from the
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Table 4. Calibrated accelerometer observations vs. those predicted by models or estimated by POD (nm/s2, σ is RMS-about-mean).
Satellite Date Obs. Obs. vs. estimated Obs. vs. modeled
2003 signal σ Mean σ Mean σ
X axis
GRACE-A 7 Nov. 50.9 0.1 18.9 −33.2 21.9
8 Nov. 40.4 −0.5 19.6 −35.2 22.9
GRACE-B 7 Nov. 48.3 0.2 19.1 36.4 21.4
8 Nov. 39.1 0.6 19.6 37.4 22.1
CHAMP 7 Nov. 152.4 −0.4 74.3 151.0 69.1
8 Nov. 127.6 0.4 63.1 150.3 71.7
Y axis
GRACE-A 7 Nov. 23.8 0.8 13.5 −71.4 2.4
8 Nov. 21.8 −2.2 16.3 −79.4 2.2
GRACE-B 7 Nov. 23.9 0.6 14.9 −115.9 2.9
8 Nov. 22.0 9.2 16.1 −113.7 2.1
CHAMP 7 Nov. 41.2 63.4 17.2 36.8 11.4
8 Nov. 33.0 59.0 18.0 15.0 12.0
Z axis
GRACE-A 7 Nov. 12.5 7.5 12.8 146.3 4.1
8 Nov. 12.4 13.6 12.5 153.5 4.0
GRACE-B 7 Nov. 14.4 6.3 14.5 166.3 3.9
8 Nov. 13.9 −19.1 14.0 130.8 3.7
CHAMP N/A N/A N/A N/A N/A N/A
nominally Earth-pointing orientation. During such occa-
sions improved estimates for the accelerometer bias along
the Y and Z axes might be obtained as well.
The non-gravitational acceleration signal is very small
for the Z axis, which means it can hardly be scaled by
orbital analysis or POD. Therefore, for this direction only a
bias is estimated and this is done for the GRACE satellites
only. For CHAMP, the Z axis accelerations were not used
due to a failed electrode (see also Fig. 5). Finally, it has to
be noted that the advertised values depend to a large extent
on orbital analysis as well, conducted by the institutes that
provide the supporting data. Thus the comparison between
the advertised and estimated values cannot be considered as
a completely independent validation.
As explained in Subsection 3.1, a highly-reduced dy-
namic POD is conducted using the best gravitational force
models in order to estimate time series of non-gravitational
accelerations. The current setup allows the estimation of
piecewise linear accelerations with a 15 min time interval
between the nodes. These accelerations are used for com-
parison and validation of the calibrated observed acceler-
ations. Such a comparison is displayed in Fig. 5, which
includes not only these estimated non-gravitational acceler-
ations, but also those predicted by models and the calibrated
observed accelerations. For the X axis, the size of the varia-
tions of the calibrated observed accelerations matches well
with that of the estimated accelerations. The variations of
the modeled non-gravitational accelerations appear to have
a higher amplitude, which is an indication that the selected
aerodynamic model overestimates the neutral density. The
latter will be addressed further below. For the Y axis, it can
be observed that the variations between modeled accelera-
tions on the one hand and estimated and calibrated observed
accelerations on the other hand match quite well, but that a
signiﬁcant mean offset is present. The latter reﬂects again
Table 5. Mean and RMS-about-mean (σ ) of the ratio of the density
derived from the accelerometer observations and the one predicted by
the NRLMSISE-00 model.
Satellite Date Ratio ρ obs./modeled
2003 Mean σ
GRACE-A 7 Nov. 0.799 0.114
8 Nov. 0.750 0.111
GRACE-B 7 Nov. 0.769 0.111
8 Nov. 0.727 0.115
CHAMP 7 Nov. 0.732 0.081
8 Nov. 0.701 0.089
the uncertainty of the biases estimated by POD for this di-
rection. Moreover, for GRACE-A it can be observed that
for the Z axis the variations also match quite well for all
time series, apart from the estimated ones for which it is
known that they cannot be determined very well by POD
(van den IJssel and Visser, 2004a, b).
The RMS-about-mean of differences between modeled
and calibrated observed non-gravitational accelerations is
much lower than the signal variation magnitude for all three
axes (Table 4). For example, for GRACE-A these values are
respectively equal to 21.9 and 50.9 nm/s2 on 7 November
2003 for the X axis. For the Z axis, these values are respec-
tively 4.1 and 12.5 nm/s2. When comparing the estimated
accelerations with the calibrated observed ones, compara-
ble RMS-about-mean values are obtained for the X axis,
whereas for the Y and Z axis the consistency is much worse.
For the Y axis the RMS-about-mean value is still signiﬁ-
cantly below the signal variation magnitude, whereas this is
no longer the case for the Z axis.
The effect of altitude on the RMS-about-mean of the non-
gravitational acceleration signal can be observed in Table 4
as well. For the selected two days, the altitude of CHAMP is
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Fig. 5. Observed, estimated and modeled non-gravitational accelerations for the along-track (top), cross-track (middle) and radial (bottom) direction
(ﬁrst 6 hr of 7 November 2003).
about 390 km compared to about 480 km for GRACE-A/B.
This results in much higher variations of the accelerations,
a factor of about 3 for the X axis and 1.5 for the Y axis.
These higher variations lead to a more precise estimation of
accelerometer scale factors (Helleputte and Visser, 2009).
In addition, when deriving the aerodynamic accelerations
from the total non-gravitational accelerations (Eq. (1)), cor-
rection errors are relatively smaller. For Swarm this means
that more and more precise results are anticipated as the
mission evolves, since the Swarm satellites will slowly de-
cay to lower altitudes. Moreover, the results for the lower
ﬂying pair are anticipated to be more precise as well.
It has to be noted that the consistency between observed
and modeled density values will improve when a scale fac-
tor for the density model would be estimated and taken into
account, which would correct for the higher neutral den-
sity values observed for existing density models, which typ-
ically is of the order of 20–30% for the selected data period
and model (Doornbos, 2011). Calibration of such density
models is in fact one of the relevant objectives of retrieving
mass density values from the accelerometer observations.
Table 5 includes the values for the mean and RMS-about-
mean for the ratio of observed and modeled mass density
at satellite level. The mean value is equal to about 0.72
for CHAMP, indicating a 30% overestimation, and 0.77 for
GRACE-A/B, indicating a 20% overestimation of air den-
sity by the adopted model. The RMS-about-mean reﬂects
hight-frequency density ﬂuctuations that are not captured
by the density model, but are observed by the accelerome-
ters. For CHAMP and GRACE, this is at a level of about 8
and 11%, respectively. For a higher altitude, a higher value
is anticipated: existing density models become more uncer-
tain with increasing altitude.
A few selected time series of retrieved (or observed) and
modeled air density for CHAMP and GRACE-A are dis-
played in Fig. 6. The difference in scale can be observed
quite well as well as a clear 1 cycle-per-orbital-revolution
(cpr) signature, with is due to the small eccentricity of the
CHAMP and GRACE orbits (0.001–0.003). The ellipsoidal
shape of the Earth causes a 2 cpr modulation.
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Table 6. Observed and modeled Eastward crosswinds.
Satellite Date Description Crosswind (m/s)
2003 Min Max Mean RMS σ
GRACE-A 7 Nov. HWM07 −236 207 −15 70 69
Observed −848 1133 80 213 198
8 Nov. HWM07 −244 274 −13 72 71
Observed −1061 1241 46 301 298
GRACE-B 7 Nov. HWM07 −237 231 −14 69 67
Observed −796 1163 97 224 202
8 Nov. HWM07 −244 274 −14 72 70
Observed −973 1144 76 286 276
CHAMP 7 Nov. HWM07 −181 184 −3 55 55
Observed −528 414 13 102 101
8 Nov. HWM07 −185 207 −2 55 55
Observed −909 441 −23 159 157
Fig. 6. Observed and modeled density (ﬁrst 6 hr of 7 November 2003).
Fig. 7. Observed (or retrieved) and modeled crosswind speed in the Eastward direction (ﬁrst 6 hr of 7 November 2003). Please note the difference in
scale between the left and right plots.
The crosswinds are derived simultaneously with the neu-
tral density values. Selected time series are displayed in
Fig. 7 together with model predictions. The model pre-
dictions in general provide overly smooth time series and
typically underestimate the magnitude of crosswinds in po-
lar regions (Drob et al., 2008; Doornbos, 2011). The peak
values in Fig. 7 are typically occurring when the satel-
lites cross the auroral oval. The observed crosswinds dis-
play much larger excursions for the GRACE satellites than
for CHAMP. The GRACE satellites ﬂy at signiﬁcantly
higher altitudes leading to a less reliable wind retrieval. For
CHAMP, signiﬁcant wind retrieval results have been ob-
tained (Lu¨hr et al., 2007; Doornbos et al., 2010) for pe-
riods of high solar activity at relatively low altitudes. For
Swarm, it will thus be challenging to provide meaningful
wind products at the start of the mission, especially for the
higher ﬂying satellite.
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5. Summary and Conclusions
The instrumentation package on board of the Swarm
satellites includes high-precision, dual-frequency GPS re-
ceivers, accelerometers and star trackers. This combina-
tion of instruments allows the very precise geolocation
of Swarm observations. In addition, the accelerometer
can be calibrated very precisely for the component in the
ﬂight direction, which is the dominant direction of the
non-gravitational accelerations. This calibration is a pre-
requisite for deriving mass density and—if conditions are
favorable—crosswinds at satellite altitudes.
The production of daily time series of mass density and
crosswind values form part of the Swarm Level 2 Process-
ing System (L2PS). A comprehensive processing facility
has been developed, implemented at tested by the TU Delft.
The associated methods and procedures have been tested
by using real data from the CHAMP and GRACE missions.
Just like the Swarm constellation, CHAMP and GRACE to-
gether consist of three satellites as well, be it that the tan-
dem is ﬂying at the higher altitude. Although the altitudes
of CHAMP and GRACE are lower than those of the Swarm
satellites at the start of the mission, the complete function-
ality of the TU Delft facility has been tested rigorously and
realistically with these data.
It has been demonstrated that the selected methods, pro-
cedures and setups result in CHAMP and GRACE or-
bit solutions with a precision of the order of 10 cm 3-
dimensionally. In addition, precise estimates of accelerom-
eter calibration parameters are obtained by precise orbit de-
termination for the ﬂight axis. The consistency with adver-
tised instrument parameter values is around 0.01–0.02 for
daily estimates of the scale factors and 10–15 nm/s2 for the
biases. It is anticipated that more precise values will be ob-
tained as the amount of observations accumulates with time.
For the cross-track direction, reliable estimates for the scale
factor can be obtained by precise orbit determination, but
the estimate for the bias value comes with a signiﬁcant un-
certainty. The latter can be explained by high correlations
between estimated parameters. Especially, the simultane-
ous estimation of the bias and initial position in the Y axis
direction leads to this uncertainty. The tuning and optimiza-
tion of the associated precise orbit determination process is
work in progress and a topic for further research.
The accelerometer calibration parameters for the ﬂight
direction (or X axis) are necessary input for the mass den-
sity and wind retrieval processing scheme. The CHAMP
and GRACE results obtained with the method by Doornbos
(2011) also indicate that air density seems to be overesti-
mated by existing models by about 20% for the GRACE al-
titude (≈480 km) and 30% for the CHAMP altitude (≈390
km). This result should, however, be handled with care,
since it depends on the reliability of the aerodynamic coef-
ﬁcients (Ca , Eq. (2)) for which precise knowledge about the
satellite is required and in conjunction its interaction with
the environment. The Swarm constellation offers the possi-
bility to test and develop the underlying theories for iden-
tical satellites at different altitudes and thus thermospheric
conditions. The accelerometer observations especially pro-
vide information about density ﬂuctuations at shorter spatial
and temporal scales than current models can, which seems
to be at an RMS level of 9–11% of the magnitude of air
density.
The CHAMP and GRACE results indicate that realistic
crosswinds can be derived, capturing especially variations
in the polar regions, when the satellites are ﬂying at suf-
ﬁciently low altitudes in combination with relatively high
magnitudes of mass density, i.e. at periods of increased solar
activity. It is fair to anticipate that especially during the later
stages of the Swarm mission and especially for the lower
pair of satellites, observations become available that will al-
low to further develop and enhance wind retrieval methods
and procedures.
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